The aim of the present study was to investigate differences in reproductive and body traits during successive parities between two genetic lines. The LP line was constituted by means of selection of animals having an extremely high number of parities (at least 25) and an average reproductive performance compared to the V line selected for litter size at weaning during 31 generations. The two lines were found to have an equal reproductive performance in the first three parities, but the LP line had higher reproductive performance from the fourth parturition onwards. The low reproductive performance after the third parity in the V line was suggested to be caused by constrained environmental conditions in the test station. A line by parity interaction was also observed for body weight, since body weight declined going from the third to the fourth parity in the LP line but not the V line. Thus, it was concluded that hyper selection for reproductive longevity and average prolificacy successfully delayed reproductive senescence, and that this newly founded line showed less environmental sensitivity, which might have been mediated by a higher body reserve. rabbit females / longevity / reproductive performance / body fat / body weight * Corresponding author: peth@dca.upv.es Article published by EDP Sciences and available at
INTRODUCTION
Long living animals able to maintain a high rate of reproductive performance during successive lactations are of great interest in animal production to reduce the replacement cost of the animals and in terms of animal welfare. A new rabbit line with long reproductive lifespan, created by means of selection on animals having an extremely high number of parities and an average reproductive performance, was therefore constituted. The first generation of the newly constituted line (the LP line) was found to have a longer reproductive life than a well documented line (the V line) selected during 31 generations solely on litter size at weaning [26, 27] .
In aging and evolutionary research, it is common to find that survival and reproductive performance with age are related [24, 25, 30] . Consequently, it may be expected that the life time reproductive profiles of the above rabbit lines could have been affected by the selection criteria imposed. To our knowledge, only one earlier experiment has selected on reproductive longevity in mammals [14] . In that experiment, mice selected on reproductive longevity did not have different litter size than the control animals but the selected animals had a higher number of successful reproductive cycles. However, in a survival study involving the V line, it was found that selection on litter size did not decrease life span [33] .
Body fatness, or condition of reproductive females is highly integrated with the reproductive pattern [5, 7, 11] and survival opportunities [33, 34] of the animals. Selection for reproductive longevity has also been observed to increase body weight as a correlated effect (mice: [14] ; vinegar flies: [15] ). Thus, the increased longevity of the LP line might very well have been achieved by changes in the amount of fat in the body, and the dynamic of storing and mobilisation of body reserves during the reproductive cycle.
The overall aim of this work was to investigate the parity dependent relationship between reproduction and body traits for a rabbit line hyper selected for reproductive longevity and average prolificacy relative to a well described prolific line. Two expectations were tested; first, that the prolific line would have more intense early reproductive performance but poorer performance later on, compared with the LP line. Second, the size and use of body reserves in support of lactation and gestation will evolve with parity in a similar pattern as that of the reproductive performance.
MATERIALS AND METHODS
The experiment was performed at the test station of the Department of Animal Science of Polytechnic University of Valencia, Spain. The animals entered the experiment between October 2004 and March 2005 and the data collected until the end of February 2006 was used in the present work.
Animals
A total of 246 reproductive rabbits were used in the experiment. One hundred and eighteen does were from the 31st generation of the V line selected for litter size at weaning by BLUP methodology using a repeatability animal model [4] . In this line, each generation consisted of 120 females and 25 bucks and reproductive management involved non-overlapping generations. Animals were bred and reared in a building that has an insulated roof and walls, controlled lighting and ventilations, and a cooling system to prevent extreme temperatures in the summer. The average number of parities is around 3.6. The population structure and the selection procedure of the V line have previously been described in detail [8] . One hundred and twenty-eight animals were from the newly constituted LP line, founded by selection of animals having at least 25 parities and an average litter size of at least 7.5 pups born alive. For comparison, in rabbit production systems in Spain, the average number of parturitions for a doe is around 6 and the average number born is 9 [20] . The selection pressure was assumed to be two to five selected does for each thousand. The LP line was constituted through three scannings of production farms on the Iberian Peninsula for females following the selection criteria. The first scanning was done in April 2002, where 15 animals from 8 different farms were chosen and brought to the test station. These females were inseminated with semen from males of at that time, current generation of the V line. Twelve of the 15 females gave birth to males. The second scanning was done in September and November 2002, where another 15 females from 10 different farms were selected. These females were inseminated with semen from males produced in the first round, resulting in 17 male offspring from 11 of the 15 collected females. The last scanning was done between June and November 2003, where 32 does matching the criteria of longevity and litter size performance were collected, and mated to males from the second round of selection. Thirty of these females gave birth to offspring, which were considered to be the generation 0 of the long-living productive line, hereafter referred to as the LP line, consisting of 42 females and 32 males. This generation was multiplied by random mating in order to create the population used in the present experiment. This newly founded line had better survival properties than the V line, and the litter size of the LP line was significantly lower than the first three parities of the V line, whereas no line difference in litter size was found from the fourth parity onwards [26, 27] . The LP line was also found to have higher feed intake, higher milk yield and higher concentration of plasma non-esterified fatty acids (an indicator of mobilisation) compared to the V line [32] . Since genetic characteristics of the commercial farms where the LP does were selected are not registered, the differences between the lines cannot definitely be attributed to the different selection programmes. However, since the two lines are extreme selected in different directions, the comparison is of value to understand the relationship between reproduction, longevity and body reserves.
Management and measured traits
Rabbits were kept in individual cages throughout the experiment. Lactating does received a standard commercial diet ad libitum whereas non-lactating does were feed restricted to prevent excessive fattening. Females were first presented to a male at 4.5 months of age, and subsequently at day 25 postpartum in each lactation. Females not accepting the male were presented to the same male the following week. The only culling reasons were lack of pregnancy after 3 successful matings, or if she refused the male in six consecutive presentations. Litters were not standardised and the doe had free access to the nest during the whole lactational period. Number born alive (NBA) and number born in total (NBT) were recorded at parturition. The individual weight of each offspring was measured at weaning (day 28). The individual offspring weights were added within each litter to calculate the litter weight at weaning (LWW).
In a subset of the rabbits (72 V and 59 LP does), we also measured litter weight at birth (LWB) of kits born alive. In these does, perirenal fat thickness and body weight of females were measured on days 1, 10 and 25 in lactation. These days were chosen since they have different interpretations; day 1 reflects body state at parturition, thereafter the body reserves increase and are at the highest level around day 10 [19] , and this day is therefore expected to reflect the amount of body resources available for the rest of the lactational period. The day 25 measurement reflects the body state after the period with high lactational demand, and this day also corresponds to the day of mating. The observations were done on fixed weekdays. Thus, the day 1 measurement was done on Tuesdays, the day after expected parturition. The day 10 and 25 measurements were done on the Friday in the second and fourth week in lactation, respectively. The perirenal fat thickness was measured by use of ultrasound using a Justvision 200 "SSA-320A", Toshiba, as described by Pascual et al. [16] , and the average perirenal fat thickness of the left and right side of the back was used for further calculations.
Statistical analysis
All traits having one observation per parity were analysed with a repeatability model including fixed effect of line (LP, V), parity (1"7) and the line by parity interaction. The parity effect was to a large extent confounded with the year-season effect and therefore no significance indication was given for this effect. The difference between lines relative to parity was of central interest in this work, and the interaction parity by line was therefore included in all analyses, independent of its significance. Random effects included non-additive plus permanent environmental effects, the additive genetic effect and residual error.
Body weight and perirenal fat thickness with repeated measures during lactation were analysed with a model similar to the above, but extended with a fixed effect of stage in lactation in three levels (day 1, day 10 and day 25). Preliminary analysis using a repeatability model performed with the mixed procedure implemented in the SAS package was performed to choose which effects to include in the final model. Up to three-way interactions were included in the base model, and effects found non-significant were step-wise excluded. The three-way interactions and the line by stage in lactation effects were not found to be significant for either body weight or perirenal fat thickness. Thus, the final model for perirenal fat thickness and body weight included the following fixed effects; genetic line (LP, V), parity (1"7), stage in lactation (day 1, day 10, day 25) and the interactions parity by stage in lactation and parity by line. Random effects included non-additive plus permanent environmental effects, their additive genetic effect and residual error.
The mixed model equations were solved using genetic parameters from the literature. The heritabilities used for NBT, NBA and NW were 0.10, 0.07 and 0.05 and the ratio of non-additive plus permanent environmental effects of the doe to phenotypic variance were assumed to be 0.12, 0.10 and 0.08 [8] . For LWB and LWW, a heritability value of 0.15 was used and the corresponding ratio of non-additive plus permanent environmental to phenotypic variance effects was set at 0.05. For perirenal fat thickness and body weight, heritabilities of 0.30 and 0.25 and variance ratios of 0.1 and 0.15 were used.
The generalised least squares estimates of fixed effects and contrasts were calculated using the PEST package [10] . Significance was claimed when the probability value was below 0.05. Pedigree information included information on the females and their parents.
RESULTS

Reproductive traits
The effects included in the model for each trait and their significance levels are shown in Table I . Total number born was affected by a line by parity interaction ( Fig. 1 ). This consisted of a similar reproductive performance between lines during the first three parities (LP-V: −0.1 ± 0.13; P = 0.41) but thereafter the reproductive performance for the V line declined more than that of the LP line, and the LP line had a significantly higher reproductive performance from the fourth lactation onwards (LP-V: 0.61 ± 0.19; P < 0.001). The same pattern appeared for number born alive (results not shown) and to a lesser extent for number weaned. No interaction between line and parity was detected for litter weight at birth or at weaning (Tab. I).
Body weight and perirenal fat thickness
Body weight was also significantly (P < 0.001) affected by the interaction between line and parity as the body weight decreased between the third and fourth lactation for the LP line, but a similar decline was not observed for the V line (Fig. 2) . The LP line was overall significantly heavier (+0.15 ± 0.04 kg) than the V line (Tab. III). Body weight was also significantly (P < 0.01) affected by a parity by stage in lactation interaction (Fig. 3) . The body weight at day 1 and day 10 followed the same trajectory with parity, whereas the day 25 body weight differed from this trajectory, having relative lower values in the third and fourth parity. Even so, there was an overall effect of stage in lactation (Tab. III); the lowest body weight was observed at day 1 of lactation (4.09 ± 0.02 kg), increased to day 10 (4.29 ± 0.02 kg) and then declined to day 25 (4.21 ± 0.02 kg).
The interaction between line and parity was not significant for the perirenal fat thickness (Tab. I), and no significant line difference for perirenal fat thickness was observed (LP: 7.96 ± 0.12 mm; V: 8.01 ± 0.11 mm; Tabs. I and III). Perirenal fat thickness was significantly affected by parity, consisting in an overall decrease during the first three parities, followed by an increase in the later parities (Fig. 2) . However, perirenal fat thickness was also affected by a stage in lactation by parity effect. Thus, the overall decrease during the first three parities is mainly because of lower perirenal fat thickness at day 1, whereas the day 10 and day 25 perirenal fat thickness changed less with parity ( Fig. 3) .
The deposition of fat reserves was calculated as the gain in perirenal fat thickness from day 1 to day 10. Fat deposition was significantly affected by parity, increasing during the first three lactations after which no change was observed between the remaining parities (Tab. IV). The deposition of fat reserves increased more for the LP line during the first three lactations, and the deposition was significantly higher in the third parity (+0.59 ± 0.28 mm; Fig. 4 ). In the remaining parities, no line differences were observed. The mobilisation of Table IV . Least squares means and standard errors of change in perirenal fat thickness between days 1 and 10 and between days 10 and 25 for the LP line selected on reproductive longevity and average prolificacy and the V line selected on prolificacy. fat reserves was calculated as the difference in perirenal fat thickness between day 10 and day 25 and was significantly affected by a line by parity interaction (Fig. 4 ). This interaction indicated that the mobilisation declined earlier in life for the V line compared to the LP line. The mobilisation of fat reserves was not found to be significantly different between lines for any parity, with the exception of the sixth parity, where the V line had a higher (+0.68 ± 0.33 mm) mobilisation, a fact that also contributed to the mentioned interaction.
DISCUSSION
Effect of line and parity on reproductive performance
Earlier reproductive senescence for the prolific V line compared with the LP line was observed for all reproductive traits investigated, though not all were significant (Fig. 1; Tab. I) . The maximum reproductive performance was in the second and third parity, in agreement with the literature [1, 31] , after which the reproductive performance declined for both lines, but most pronouncedly for the V line. The dramatic decline in litter size after the third parity was unexpected. In earlier generations of the V line, this dramatic decline in reproductive output between third and fourth parturition was not observed (results not shown). Neither was this dramatic decline observed in a larger scale test comparing the same two rabbit lines on two other test stations [26] , even though this experiment was running in the same time period. In that test, the V line was found to have significant higher litter size in the first three parities, whereas no line difference was observed at later parities. Because of the unexpected and unusual results in the present experiments in comparison with earlier generations of the V line and the larger scale experiments [26] , we therefore speculated as to what might have happened in the present experiment that caused the difference.
One possible explanation for the dramatic decline in reproductive performance for the V line is that it could be a sire effect, but since sires were used across parities and since the interval between parturitions did not differ between lines [26] , this explanation does not hold. Another possible explanation relates to environmental temperature. In the present experiment, animals entered the experiment between October 2004 and March 2005. Consequently, the time period where the majority of the animals reached the third or fourth parity corresponded to the hot summer period (July and August). It has been shown that high environmental temperature can depress intake and reproduction [13] , and the decline in reproductive performance with parity might therefore be more pronounced than if the parturitions were equally spread over the year. However, the decline in reproduction performance for the V line seemed to act independently of the season of the year, as was observed for parturitions falling both before (May) and as well as during (July and August) the hot season. Moreover, the effect was largely on fourth parity, since the third parturitions in the same period performed well even in the hot season (distributions of parities with calendar year not shown). Thus, it seems unlikely that temperature alone can explain the observed decline in reproductive performance in our experiment. A third possible explanation could involve management in the test station. The management was temporarily changed as a means to standardise the management procedures with the two other farm units for a large scale comparison of the two genetic lines. On the test station where the present results are produced, the changes consisted in mating the dams at day 25 of lactation instead of day 11. Consequently, the time period between weaning and the following parturition was increased. During this weaning to parturition period, as a standard procedure on the test station, the dams were feed restricted. This management is different to the two other farm units, where animals were kept on lactational feed ad libitum during the whole reproductive life span. Thus, the extended period on restricted feed might have prevented the animals on the test station from fully expressing their genetic reproductive potential.
Whatever the exact nature of the environmental challenge, the combination of results from the present experiment, together with the other evidence [26] described above, indicates that under good/normal environmental conditions, reproductive output did not show a trade-off between early reproduction and late life reproduction, but under restricted environmental conditions in the present experiment, the pattern observed for reproductive output did show evidence in support of trade-offs e.g. [12, 24, 25] between early and late fitness, where fitness in this case was reproduction. It is common to find that trade-offs are more easily detected under poor than good environmental conditions [23, 29] . We are only aware of one other experiment selecting on reproductive longevity [14] . In that experiment, mice selected for reproductive longevity did not differ in reproductive performance early in life compared with a control group, but had a more persistent reproduction in late life. Our results suggest that there are different genes involved first and later in life, and thereby the genetic relationship between successive parities. In the present study, we did not have a sufficient number of animals to estimate the correlation between parities, but in a recent study it was reported that three lines of rabbit all selected for litter size at weaning had a different genetic correlation between parities [17] . Since the animals in the present work were selected for more distinct traits, the difference in correlation between parities can be expected to be greater.
Effect of line and parity on temporal pattern in body traits across parity during lactation
Both reproduction and maintenance (survival) are energetically expensive, and mammals have evolved the adaptation of using body reserves in support of reproduction [7] . We therefore used body weight and perirenal fat thickness as indicators of how the rabbits prioritise their energy reserves. The LP line was heavier than the V line throughout life, in agreement with experiments where selecting on reproductive longevity in mice [14] and selecting on late reproduction in vinegar flies [15] also increased body weight. This suggests that selection for longer life favours extended growth to produce a more durable adult soma, in accordance with the evolutionary theories [24, 25] .
Body weight was affected by a line by parity interaction, consisting of a decline in body weight between the third and fourth parity for the LP line but not for the V line (Fig. 3) . The observed line by parity interaction for body weight in combination with the observed interaction in reproductive performance described above indicates that the two lines responded differently to the environmental challenge; the V line decreased reproduction dramatically but maintained body weight, whereas the LP line decreased body weight and maintained the reproduction. This suggests that the lines have evolved different priorities/possibilities as a consequence of different selection. Thus, the V line might not have had sufficient reserves to meet an environmental challenge without negative consequences on reproduction, whereas the LP line had more abundant resources to sustain a decline in body weight, which could eventually be recovered later. According to Beilharz and co-workers [2] , selection in domesticated animals causes allocation of more resources to the traits selected. Even if the total amount of resources available steadily increases with selection, there will be a lesser proportion of resources available for the traits not selected for. The severe decline in reproductive performance for the V line relative to the LP line suggests that selection for reproductive performance was achieved at the expense of investment in usable body reserves, and this line had no extra resources available when an environmental challenge occurred.
We investigated if this pattern could be detected in the deposition and mobilisation of body reserves in support of lactation. For this purpose, we used the three measurements taken in each lactation (Fig. 3) . Although there were no line differences in perirenal fat thickness across parities, there were within parity differences in the way body weight and perirenal fat thickness developed. Body weight at parturition increased during the first three parities, while perirenal fat thickness decreased in this period, indicating that the percent body fat during the first three parities decreased with age, in agreement with other studies [35] . To avoid confounding with growth, we used perirenal fat thickness and not body weight to investigate the effects on energy deposition and mobilisation. Fat deposition (day 10 minus day 1 values) increased across the first three lactations, mainly as a consequence of lower perirenal fat thickness at parturition (Fig. 4 ). Deposition increased more during the first three parities for the LP line than for the V line, whereas the pattern in later parities was unclear. The mobilisation of perirenal fat thickness, measured as the difference in perirenal fat thickness between day 10 and day 25, was affected by a line by parity interaction probably caused by different ranking of the lines along the parities (Fig. 4) . The deposition and mobilisation pattern suggests that the V line used less body reserves to support lactation. This is contrary to other evidence signalling a positive relationship between deposition/mobilisation and reproduction e.g. mice [21] , sows [9] and cows [18] . Also, in an earlier experiment on the same lines, it was shown that the V lines had a higher mobilisation (measured as a higher concentration in plasma non-esterified fatty acids) [32] . In that experiment, it was also found that the feed intake was significantly lower for the V line, which also makes it more difficult for this line to recover body reserves.
A lower body buffer capacity has also been indicated in other studies, e.g. selection for litter size in mice decreased residual feed intake, which is an indicator of a lower body buffer capacity [21] . Also, in a genotype by environmental interaction experiment, an increased environmental sensitivity was observed when selecting for high production, i.e. selection for high milk production in dairy cows increased sensitivity to ambient temperatures [22] . Furthermore, in pig populations it has been observed that populations selected for leanness and reduced intake are more sensitive to environmental stressors than some higher feed intake US genetic populations [28] .
The characteristics of the newly founded LP line (higher longevity, later reproductive senescence, and lower environmental sensitivity) are traits of interest beyond rabbit production. These traits are also of interest in other parts of animal production and in human science. Recently, there has been an advance in mapping at both the cytogenetic and genetic level [3] . Mapping this line for the reported characteristics could therefore serve as an important contribution to the genetics of aging.
CONCLUSION
Selecting for reproductive longevity and average reproductive performance successfully delayed reproductive senescence compared to a prolific line. Moreover, the different selection strategies changed the relative priorities of body condition and reproduction when an environmental challenge occurred. Hyper selection for reproductive longevity and an average reproduction performance resulted in animals with a lower environmental sensitivity, which might have been mediated by a higher body energy reserve.
